Abstract Synthesis analyses were performed to examine characteristics of tidal and subtidal currents at eight mooring sites deployed over the northern South China Sea (NSCS) continental shelf in the 2006-2007 and 2009-2010 winters. Rotary spectra and harmonic analysis results showed that observed tidal currents in the NSCS were dominated by baroclinic diurnal tides with phases varying both vertically and horizontally. This feature was supported by the CC-FVCOM results, which demonstrated that the diurnal tidal flow over this shelf was characterized by baroclinic Kelvin waves with vertical phase differences varying in different flow zones. The northeasterly wind-induced southwestward flow prevailed over the NSCS shelf during winter, with episodic appearances of mesoscale eddies and a bottom-intensified buoyancy-driven slope water intrusion. The moored current records captured a warm-core anticyclonic eddy, which originated from the southwestern coast of Taiwan and propagated southwestward along the slope consistent with a combination of b-plane and topographic Rossby waves. The eddy was surface-intensified with a swirl speed of >50 cm/s and a vertical scale of 400 m. In absence of eddies and onshore deep slope water intrusion, the observed southwestward flow was highly coherent with the northeasterly wind stress. Observations did not support the existence of the permanent wintertime South China Sea Warm Current (SCSWC). The definition of SCSWC, which was based mainly on thermal wind calculations with assumed level of no motion at the bottom, needs to be interpreted with caution since the observed circulation over the NSCS shelf in winter included both barotropic and baroclinic components.
Introduction
The South China Sea (SCS), the largest marginal Sea in the western Pacific Ocean, features a broad shallow shelf, narrow steep slope, and deep basin. The northern SCS (hereafter referred to as NSCS) is defined as the region bounded by Hainan Island on the south and Taiwan on the north in the range of 106 E-121 E in longitude and 17 N-24 N in latitude ( Figure 1 ). This region contains a broad continental shelf connecting to the Pacific Ocean through Luzon Strait and to the East China Sea through Taiwan Strait. The shelf bathymetry gradually changes from a few meters near the coast to 200 m over a shelf width of 200-300 km and then deepens rapidly to 1000 m over the shelfbreak within a distance of a few to 10 km. The slope of the NSCS shelf increases from the south to north in a range of 0.018 to 0.03.
Flow over the NSCS continental shelf is driven by tides, surface meteorological forcing (seasonal monsoon, heat flux, and evaporation minus precipitation), and lateral boundary water fluxes from rivers and westward intrusion of the Kuroshio through Luzon Strait. The tidal energy over this shelf is mainly from tidal waves propagating through Luzon Strait from the western Pacific Ocean and through Taiwan Strait from the East China Sea [Fang et al., 1999; Zu et al., 2008; Beardsley et al., 2004] . Of most importance are energetic internal tides, which originate from Luzon Strait as barotropic tidal waves climb over submerged ridges [Lien et al., 2005; Jan et al., 2007] and intensify over the shelfbreak as a result of interaction of surface tidal currents with steep bottom topography in stratified conditions [Zhao et al., 2004; Chang et al., 2006] . Both barotropic and internal tides in this region are dominated by four major tidal constituents: K 1 (25.83 h) and O 1 (23.94 h) at diurnal periods and M 2 (12.42 h) and S 2 (12.00 h) at semidiurnal periods [Fang et al., 1999; Duda et al., 2004] . The internal tides are stronger at diurnal periods than at semidiurnal periods, enhanced in summer and weakened in winter [Liang et al., 2005 , Guo et al., 2006 Klymak et al., 2011] . Previous studies show that the diurnal internal tidal flow can be considered as the first baroclinic mode in the vertical, while the semidiurnal internal tidal flow decreases monotonically as the water becomes deep [Duda and Rainville, 2008; Xu et al., 2013] . Since most past current measurements have been made locally or restricted on a single cross-isobath transect, no measurements have been made to examine the spatial structure of the internal tidal flow over the NSCS shelf due to the lack of an array of time series measurements with spatial coverage similar or larger than the wavelength of the internal tidal waves.
The SCS is in the East Asian monsoon climate system, with northeasterly wind (blowing from the northeast direction) prevailing in winter and southwesterly wind in summer. The monsoon-driven basin-scale circulation is cyclonic in winter and anticyclonic in summer [Wyrtki, 1961; Xu et al., 1982; Ding et al., 2013] . As a portion of this seasonal wind-driven circulation system, the near-surface flow over the NSCS continental shelf is southwestward in winter and northeastward in summer. Near the coastal region, during the downwellingfavorable northeasterly winter monsoon, the wind produces an onshore Ekman transport, intensifying the southwestward buoyancy-driven flow that forms as a result of freshwater discharge from the Pearl River. This wind and buoyancy-driven current flows southwestward parallel to the local coastline and is named the Guangdong Coastal Current [Fang et al., 1998 ]. Importance of wind forcing to the variability of the nearshore coastal currents has been verified in many previous observational and modeling studies [e.g., Kourafalou et al., 1996; Chen and Xie, 1997; Chen, 2000] . Due to the lack of direct current measurements over the mid and outer NSCS shelf, however, it is unclear whether or not the wind-driven circulation is also a dominant feature in this region during the winter season. [1964] and Guan [1978] first suggested that there is a counter-wind current originating in the vicinity of Hainan Island and flowing northeastward between the 200 and 400 m isobaths over the midshelf during winter. Based primarily on analysis of hydrographic data through the geostrophic calculation relative to a reference level of no motion at the bottom, they named this current the South China Sea Warm Current (SCSWC), with a length of about 160-300 km and a maximum surface velocity of >30 cm/s. Although this current was produced in some previous model results under idealized or climatological forcing conditions [Hsueh and Zhong, 2004; Xue et al., 2004; Yang et al., 2008] , it is unclear whether or not this current is a permanent wintertime feature over the NSCS continental shelf.
Guan and Chen
Mesoscale eddies are active and energetic in the NSCS, with frequent appearances on the southwest coast of Taiwan and in the northwest area of Luzon Strait [Wang et al., 2003] . Kinematic and dynamic features of these eddies are complex: some occurred, intensified, and dissipated locally, and others moved southwestward along the slope and became re-intensified when they arrived over the southeastern shelf of Hainan Island [Yuan et al., 2007] . Since the diameters of these eddies were >100 km , they were easily detected and verified from satellite-derived sea surface height data. They typically moved at a speed of 10 cm/s, which was similar to the phase speed of westward propagating Rossby waves in the NSCS [Wang et al., 2008] . These eddies were also captured in temperature and salinity profiles from previous hydrographic surveys, which showed that the vertical scale of these eddies was about 1000 m over the slope [Li et al., 1998; Liu et al., 2012] . Due to the lack of direct current measurements, however, the horizontal and vertical structure of the flow field within these eddies is not well explored yet. Is the flow field observed within these eddies in geostrophic balance? Could eddy currents intensify near the bottom when they are near the shelfbreak? Do these eddies influence the regional circulation over the NSCS continental shelf? These questions are best addressed with direct current measurements.
Flow over the NSCS slope is influenced by the Kuroshio intrusion through Luzon Strait [Su et al., 1990; Shaw, 1991; Farris and Wimbush, 1996; Metzger and Hurlburt, 2001; Caruso et al., 2006; Matsuno et al., 2009; Tai et al., 2010] . Past studies have revealed two major features: (a) the Kuroshio intrusion into the SCS occurred most frequently during late fall, winter, and spring when strong NE monsoon winds prevailed, and (b) the region influenced directly by the Kuroshio intrusion was restricted mainly to the NSCS west of Luzon Strait and around Taiwan. The intrusion could be initiated or driven under NE monsoon winds [Farris and Wimbush, 1996] , changes of the Kuroshio transport [Shaw, 1991] , and baroclinic instability [Tai et al., 2010] . Caruso et al. [2006] examined the interannual variability of Kuroshio intrusion events into the SCS, and their results suggested that the path of the intruded water within the NSCS could be much more complex than a simple loop current. A relatively strong, southwestward along-isobath flow was often observed at the shelfbreak of the NSCS, which was believed as a branch of the Kuroshio intrusion water [Guo et al., 1985] or could form as a result of an intensified western boundary current of the cyclonic gyre in the SCS [Su, 2004] . While current measurements have been made across Luzon Strait to monitor and assess the Kuroshio intrusion process into the SCS, few direct current measurements were made over the NSCS continental shelf to capture intrusion events. Could the intruded Kuroshio water penetrate onto the midshelf of the NSCS? If so, how could it influence the circulation there? To our knowledge, these questions have not well addressed in previous studies. This paper attempts to address some of the questions raised above by synthesis of current data collected on eight moorings deployed in the winters of 2006-2007 and 2009-2010 . The remaining sections are organized as follow. Section 2 describes the data set and model used in this study. Section 3 presents the observed spatial distribution of barotropic and internal tidal currents, followed by a discussion with barotropic and baroclinic tidal model simulations. Section 4 first depicts the observed temporal variability and spatial distribution of low-passed subtidal currents and then discusses the wind-driven mechanism for the wintertime circulation over the NSCS shelf. Finally, section 5 summarizes the conclusion.
The Data and Model

Field Measurements
Eight moored ADCPs (named M1-M8) were deployed over the NSCS continental shelf in the winters of 2006-2007 and 2009-2010 (Figure 1 and Table 1 ), covering a region of 300 km in the along-isobath direction and 160 km in the cross-isobath direction with a depth range from 90 to 2000 m. M1, M2, and M3 were deployed on a cross-shelf line in the midshelf with a water depth range of 90-280 m, while M4, M5, and M6 were located on a cross-shelfbreak line where the water depth changed rapidly from 200 to 800 m over a distance of 30 km and then gradually deepened to 2000 m over a distance of 48 km. M7 and M8 were placed around the 200 m isobath on the northeast of Dongsha Island. M1-M4 and M7-M8 were equipped with bottom-mounted, upward looking ADCPs, while upward looking ADCPs on M5 and M6 were mounted at a depth of 500 m with an aim at measuring currents in the upper 500 m layer. Three types of frequencies were set up, with a bin length of 4 m for 300 kHz ADCP, 8 m for 150 kHz ADCP, and 16 m for 75 kHz ADCP. The sample interval was 10 min for 150 kHz and 300 kHz ADCPs and 30 min for 75 kHz ADCPs. All moorings were recovered successfully with record lengths of approximately 60 days at M1-M3, 114 days at M4-M6, and 90 days at M7-M8. A 3 h low-passed Lanczos filter was used to convert the current records to an hourly interval [Chen et al., 1996] . and a time interval of 7 days.
The Model
The primitive equation, unstructured-grid, Finite-Volume Community Ocean Model (FVCOM) was used to interpret the features of the internal tidal currents observed at the moorings. FVCOM was developed originally by Chen et al. [2003] and continuously improved and updated by the joint research team at the University of Massachusetts-Dartmouth and Woods Hole Oceanographic Institution [Chen et al., 2006a [Chen et al., , 2006b . This model was configured for the South and East China Seas with a horizontal resolution varying from 1-4 km in the inner shelf and over the slope to 35 km near the open boundary in the NSCS continental shelf region [Chen et al., 2012] . A hybrid terrain-following coordinate was used in the vertical, with a total of 40 layers and the coordinate transition at the 80 m isobath. In the region of >80 m, the s-coordinate was adopted, which featured five uniform layers with a layer thickness of 2 m from the surface and bottom, respectively. In the region of <80 m, the r-coordinate with uniform layer thickness in the vertical was applied. This uniform layer thickness was 2 m at the transition and smaller as the water depth became shallower. This hybrid coordinate was designed to resolve the surface and bottom boundary layers with a vertical resolution of at least 2 m or less. Chen et al. [2012] named this regional model ''the China coastal FVCOM.'' Hereafter we refer to it as ''CC-FVCOM.''
We used CC-FVCOM to simulate the barotropic and baroclinic tides under homogenous and January climatological stratification conditions [Chen et al., 2012] . In these experiments, the vertical eddy viscosity and horizontal diffusion coefficients used in the model were calculated by Mellor and Yamada level 2.5 (MY-2.5) and Smagorinsky turbulent closure schemes, respectively [Mellor and Yamada, 1982; Smagorinsky, 1963] . The tidal forcing on the open boundary was specified by the amplitudes and phases of the five major tidal constituents (three semidiurnal: M 2 , S 2 , and N 2 ; two diurnal: O 1 and K 1 ). The model was integrated for 55 days, and the hourly model output after 10 spin-up days was used for tidal harmonic analysis. The bathymetric data used in the model were taken from combined 2 min Naval Oceanographic Office Digital Bathymetric Data Base-Variable resolution (DBDBV) and Chinese bathymetric charts. Since the model bathymetry did not match very accurately with the true water depths recorded at the moorings, our model-data comparison was focused only qualitatively on the vertical and spatial distributions of the internal tidal currents.
Spatial Structure of Internal Tidal Currents
Observational Results
Current records at eight moorings clearly showed that tidal currents were predominant over the NSCS continental shelf. Rotary spectral density was characterized by the two peaks at diurnal (O 1 and K 1 ) and semidiurnal (M 2 and S 2 ) frequency bands, respectively, even though the tidal energy distribution varied significantly in space. Figure 2 presents an example of the spectral density distributions at depths of 53, 125, 197 , and 269 m on M3. Both diurnal and semidiurnal tidal energies increased with depth, while tidal energy was much stronger in the diurnal frequency band than in the semidiurnal frequency band. As the depth deepened, the clockwise-rotating energy was much higher than the counterclockwise-rotating energy, indicating that tidal currents primary rotated clockwise at this mooring site. This feature was also seen at the other seven moorings, suggesting that this was a general feature over this shelf. The diurnal and semidiurnal tidal energy densities varied significantly in both cross-shelf and along-shelf directions (Figure 3 ). For the K 1 tidal constituent, on the M1-M3 cross-shelf transect, the M3 energy (near the 300 m isobath) was intensified near the surface and bottom. This feature was still seen at M2 (around the 100 m isobath), but not at M1 (around the 90 m isobath). At M1, the energy was relatively uniform through the water column and then decreased monotonically near the bottom. On the M4-M6 transect, the energy at M5 (near the 800 m isobaths) showed a similar energy distribution pattern as that at M3, but over about a 30 km distance, the energy either decreased monotonically with depth at M6 or was subsurface-intensified at M4. Combining M4, M3, M7, and M8 to form an alongshelf transect, the vertical distribution of the diurnal tidal energy on this transect also significantly differed at these four mooring sites. For the M 2 tidal constituent, at M3, its energy exhibited a vertical distribution similar K 1 , but it was subsurface intensified at M7 and bottom intensified at M4 and M8.
Harmonic tidal analysis using T_TIDE [Pawlowicz et al., 2002] was conducted to examine the vertical and spatial distributions of the diurnal and semidiurnal tidal current ellipses. Figure 3 shows a direct view of the ellipse amplitudes and phases of the major constituents (K 1 and M 2 ). At M3, the K 1 tidal current was surface and bottom intensified, with amplitudes of 12.7 and 16.7 cm/s near the surface and bottom, respectively. A 180 phase difference was observed in the upper and lower layers, with a transition around the depth of 165 m at which the K 1 tidal current reached its minimum amplitude of 4.7 cm/s. This is a characteristic feature of internal tidal waves, as described in previous studies [Duda and Rainville, 2008; Guo et al., 2012; Xu et al., 2013] . This feature, however, was not observed at M4 at the shelf break, where significant changes of K 1 tidal current amplitude and phase only occurred in the bottom boundary layer, and no opposite phase between the upper and lower layers existed. Over most of the shelf, the K 1 tidal currents were dominant except at M8 where the M 2 tidal currents were stronger. A stronger M 2 tidal current at M8 was believed due to the interaction of the M 2 tidal currents with steep bottom topography as the M 2 tidal waves from Luzon Strait and Taiwan Strait propagated onto the shelf. The internal tidal features are predominant over the shelf break and decreased toward the coast. In the winter season, the water in the shelf region of <70 m was vertically well mixed. This was the reason why internal tidal signals were weak at M2 and disappeared at M1. Similarly at M7 and M8, on the northeast of Dongsha Island, the vertical shears of tidal currents were relatively smaller compared with other stations, even though both M 2 and K 1 tidal currents were stronger in the lower water column.
The key finding here is that both barotropic and baroclinic tidal currents varied significantly in space. Even separated along similar isobaths within a distance of 100 km, the structure of the tidal current could be very different. The surface and bottom intensification with a 180 phase difference in the vertical, which were reported in previous tidal studies [Xu et al., 2013] , were clearly localized and did not represent the general internal tidal features over the NSCS shelf.
Process-Oriented Tidal Model Experiment Results
What were the dynamics controlling the spatial variability of tidal currents over the NSCS shelf? To address this question, we examined the CC-FVCOM-generated tidal current fields over the NSCS shelf for both barotropic and baroclinic cases. For the baroclinic case, the model ran prognostically with initial conditions of the temperature and salinity specified using the January climatologically averaged hydrographic fields. We focused our discussions on the K 1 tidal currents here, because it was predominant over this shelf. In the barotropic case, when the K 1 tidal wave, which entered the SCS from Luzon Strait, arrived on the NSCS shelf, it split into two branches: one first propagated southwestward along the slope and then turned clockwise to enter the NSCS shelf around M1-M3, and another rotated clockwise between M7 and M8 ( Figure 4 ). This pattern reversed during the ebb tidal periods. The speed and direction of the model-produced K 1 tidal current remained little change in the vertical except decreased rapidly in the bottom boundary layer, which was similar to the results described in Fang et al. [1999] . The magnitude of the vertically averaged tidal current varied significantly in space and over bathymetry. The shelfbreak area, particularly along the 200 m isobaths between M3 and M4, featured a divergence zone during the flood tidal period and a convergence zone during the ebb tidal period (Figure 4) . From ebb to flood, the tidal current was oriented westward along the isobaths over the slope but turned to the cross-isobath direction over the shelf in the region less than 200 m. This pattern remained little changed during the flood tidal period, while the along-isobath southwestward tidal current increased with time and reached its maximum at the maximum flood tide. The direction of the tidal current reversed at the transition from flood tide to ebb tide, with a relatively strong offshore tidal flow over the shelf and an along-isobath northeastward tidal flow over the slope. This pattern remained unchanged as the along-isobath northeastward tidal flow increased during the ebb tidal period. Around M8, the tidal current was relatively strong, with anticyclonic and cyclonic rotating over the flood and ebb tidal periods, respectively.
When stratification was added, the K 1 tidal current in the NSCS shelf can be characterized as a baroclinic Kelvin wave propagating along the isobaths over the slope with a wavelength of about 300 km and a crossshelf internal Rossby radius scale of 100-200 km [Kelvin, 1879; Rhine, 1967 Rhine, , 1969a . The vertical structure of this tidal wave was characterized by the first mode with a reversed flow direction in the upper and lower layers ( Figure 5 ). The phase difference of the tidal current in the vertical varied in different flow zones. M3 was located around the maximum tidal current magnitude zone where the phase difference of the tidal current near the surface and bottom was about 180 ( Figure 5 ). M4 was around the transition zone between clockwise and counterclockwise tidal currents, where the tidal flow was relatively weak, and the vertical phase difference was only about 90 . The model-predicted phase of the baroclinic K 1 tidal flow field was in good agreement with the observation at M3 (Figure 6 ), even though at this site the water depth used in the model was about 20 m deeper than the observed depth. The model results suggested that the spatial variability of tidal currents observed at the mooring sites were the feature of internal tides generated by the baroclinic Kelvin waves. For this reason, the interpretation of tidal measurements needs to be made with caution to avoid an inaccurate conclusion made just based on measurements on a single mooring. 
Subtidal Currents
Monthly Averaged Flow Fields
The subtidal flow is defined here as the low-pass filtered currents at a cutoff frequency of 33 h. The filter used in this study was the pl66tn described by Beardsley and Rosenfeld [1983] . The same filter was used for the wind data recorded on buoys 1 and 2 (B1 and B2) to create the lowfrequency wind velocity for the same time interval as the subtidal flow. The distance between B1 and B2 was about 200 km.
Since the spatial scale of the wind was much larger, no significant difference was found in the wind records at these two buoys. For this reason, we used the wind velocity on the closer of the two buoys when we described the subtidal flow and its correlation with the wind. (Figure 9 , left). The monthly averaged along-isobath flow was surface-intensified in December, with a maximum velocity of 27.5 cm/s; subsurface-intensified in January, with a maximum velocity of 20 cm/s at a depth of 150 m; and bottom-intensified in February and March, with maximum velocities of 17.5 and 10 cm/s, respectively. In the cross-isobath direction, the flow was onshore and surface-intensified, with a maximum velocity of 15 cm/s in December; onshore in the upper 100 m layer and offshore in the lower layer, with an inflow and outflow velocity of 2.5 cm/s in January; and onshore and offshore in the upper 500 m layer, with a maximum velocity of 15 cm/s in February and March, respectively (Figure 9 , right).
The observed along-isobath southwestward flow was generally consistent with the cross-isobath distribution of the satellite altimeter-derived sea surface height (SSH) during the winters of these 2 years except in February and March 2010 (Figure 10) . In December 2006, the monthly averaged SSH was higher at M1 and decreased offshore, with a cross-isobath gradient of 6 3 10 27 over a distance from M1 to M3. This gradient could produce an along-isobath southwestward geostrophic velocity of 11 cm/s. Considering a 30 km spatial resolution and uncertainties in the altimeter data, the SSH-derived geostrophic flow was in the same order of the observed surface current at these three moorings. This cross-isobath SSH pattern remained unchanged in January 2007, but the gradient was much smaller. The cross-isobath distribution of SSH on the M4-M6 transect in December 2009 was very similar to that on the M1-M3 transect in December 2006. The SSH gradient over a distance from M4 to M6 was 10.3 3 10 27 , which resulted in an along-isobath geostrophic velocity of 21 cm/s. In January 2010, the negative (decreasing offshore) SSH gradient was only over the shelf where the water depth was shallower than 200 m, while it slightly increased from M4 to M6. This was also consistent with the current measurement data, which showed a weak near-surface northeastward flow at M6. In February, 2010, however, no significant cross-isobath SSH gradient was measured, suggesting that the subsurface-intensified southwestward flow was driven by baroclinic processes in addition to the wind forcing. In March, 2010, a surface-intensified northeastward flow with a maximum velocity of 10 cm/s was observed in the upper 100 m layer between M5 and M6, which was consistent with the positive SSH gradient between these two stations.
The monthly averaged observed currents and SSH were consistent with wind-driven Ekman flow theory. The downwelling-favorable NE wind stress produced an onshore Ekman transport in the upper layer. The resulting negative gradient of the sea surface elevation, formed as a result of the water piled up onshore, pushed water offshore in the lower layer, and turned clockwise to balance with the Coriolis force. When a quasi-equilibrium state was reached with a balance between the Coriolis and cross-isobath pressure gradient forcing, an alongisobath southwestward flow formed. The onshore Ekman transport in the upper layer also produced an offshore water transport in the lower layer or near the bottom as a result of volume conservation. All these features appeared consistently in the moored current measurements. This fact implied that on a monthly averaged time scale, the low-frequency subtidal flow over the NSCS shelf was mainly wind-driven.
The Eddy Flow Field
Although the wind-induced circulation was dominant in the 2006-2007 and 2009-2010 winters, the moored current records clearly showed episodic events of mesoscale eddies that passed the measurement sites during those periods. On 30 December 2009, the daily altimeter sea surface height (SSH) image identified an anticyclonic eddy with a radius of 100 km near the southwestern coastal region of Taiwan ( Figure  11 ). This eddy moved southwestward at a speed of 9.4 cm/s, passed M8 around 13 January 2010, M7 around 27 January 2010, and M5-M6 around 10 March 2010. The movement of the eddy was guided by the Rossby wave with a westward propagation phase speed of 9-10 6 3 cm/s around latitudes of 18 N-22 N [White, 2000; Wang et al., 2008] .
The vertical profile of this eddy was captured well in current records on these mooring sites. The current on M8 turned northeastward against the NE wind on 5 January and remained in this direction until 23 January, during which the northern portion of the anticyclonic eddy passed (Figure 12 ). This northeastward eddy velocity dominated throughout the whole water column, with a swirl velocity up to 30-40 cm/s at a depth of 37 m and 10 cm/s at a depth of 109 m near the bottom. When the eddy was located around M8, its edge had affected the flow field around M7, located about 110 km southwest of M8. During that period, the current at M7 was dominated by a northwestward flow in the upper 200 m layer, with a velocity of 15 cm/s at a depth of 49 m (Figure 12 ). This northwestward flow did not exactly follow the SSH contour, suggesting that it was a result of the combined wind and eddy-driven circulations (Figure 11 ). The northwestern portion of the eddy passed M7 on 24-28 January, during which the current at that site was dominated by a surface-intensified northeastward flow with a velocity of 40 cm/s at a depth of 49 m and a vertical scale of 200 m. As the eddy moved southwestward following the 500-1000 m isobaths, it continued to affect the flow field at M7 until 13 February, where the current turned eastward and southward following the change in the location and shape of the eddy. Similarly, when the center of the eddy passed M6 on its south along the 500-1000 m isobaths, the velocity on M6 had been affected by the eddy in late February (Figure 13) . A strong northeast velocity of 50-70 cm/s was recorded at a depth of 51 m during 20 February through 5 March, due to a combination of windand eddy-driven flows. The velocity at M6 was still dominated by the eddy flow until the end of March 2010, during which the current rotated clockwise from the northeast direction to the south direction as the eddy passed during the period of NE wind ( Figure 13 ).
A CTD survey was conducted on the NSCS shelf during 16-31 January 2010, during which vertical profiles of temperature and salinity were measured at 56 stations ( Figure 1) . Fortunately, the eddy was captured on transect S4 during 30-31 January ( Figure 14) . The transect data showed this eddy was a typical warm-core anticyclone with concave across-eddy temperature and salinity distributions and raised sea surface height (determined by altimeter SSH). This eddy had a cross-isobath scale of 100-150 km and a vertical scale of about 400 m. The surface geostrophic velocity, which was estimated by the altimeter SSH, was about 60 cm/s, which is in the same order of magnitude recorded at M6.
Wind-Current Coherences Analysis Results
The moored current records clearly showed that without considering the influence of mesoscale eddies, subtidal currents over the NSCS shelf during the winter season were dominated by the southwestward upper water column flow that was driven mainly by the NE wind. To further test this conclusion, we conducted a correlation analysis between the southwestward component of the near-surface subtidal current and the wind with a direction range of 2180 clearly demonstrated that the flow field over the NSCS shelf was influenced significantly by mesoscale eddies. Since the observed eddy moved southwestward at a relatively constant speed related to the westward propagation speed of Rossby waves, the influence of an eddy on the local current occurred over a time scale of about a week. Because of the existence of these eddies, the wind-current correlation was reduced. The correlation value at a depth of 17 m at M4 was >0.8, but was reduced to 0.5 at a depth of 59 m at M5 and to 0.1 at a depth of 51 m at M6 (Figure 16 ). The correlation value at M6 was smaller than the critical value of 0.21 at a 95% conference level. It was clear that the correlation value became smaller as the distance to the center of the eddy was decreased (Figure 11) . Similar results were also reported at M7 and M8. The correlation value was 0.5 at a depth of 49 m within the direction range of 0 -45 at M7 and only 0.2 at a depth of 37 m at M8. When the current records during the passage of the anticyclonic eddy were removed, the correlation at these two stations increased to 0.8.
The lowest correlation value found at M6 was not only due to the passage of the anticyclonic eddy. During the period 10-30 January 2010, the velocity at a depth of 51 m at M6 was in an opposite direction to the wind (Figure 13 ). In the vertical, the flow was characterized by a first baroclinic mode, with northeastward flow in the upper 51 m and a deep-intensified southward flow beneath 179 m. There was no well-defined eddy passing this site during that period, suggesting that other buoyancy-related mechanisms in addition to the wind and eddy existed over the NSCS slope.
Discussion
The moored current measurements during the 2006-2007 and 2009-2010 winters suggested that the wintertime circulation over the NSCS was characterized by the wind-induced southwestward flow plus an episodic influence of mesoscale eddies. This finding differs from the early conceptual wintertime circulation pattern proposed by Guan and Chen [1964] and Guan [1978] , who believed that the northeastward buoyancy-driven SCSWC was the dominant wintertime current feature between the 200 and 400 m isobaths over the NSCS shelf. The SCSWC was defined by the geostrophic flow computed from hydrography using the bottom as the level of no motion (LNM). We did not detect the SCSWC in our moored current measurements during the two winter deployments. We next calculated the along-isobath geostrophic velocity based on the 16-31 January 2010 hydrographic survey using the bottom as the LNM in the region shallower than 1000 m and equal to 1000 m in deeper water. On the M1-M3 transect, for example, the vertical geostrophic velocity shears showed similar trends compared to the observed velocity shears below 20 m, even though the values differed significantly (Figure 17, top) . A bottom-intensified southwestward along-isobath flow of 10-15 cm/s was observed near the bottom at M1, quite different that the small northeastward geostrophic velocity computed with the bottom as LNM (Figure 17 , bottom). When the observed velocity at 60 m was added as the reference velocity in the geostrophic velocity calculation, the geostrophic velocity matched well with the observed velocity below 60 m, but it underestimated the magnitude of southwestward flow in the upper 55 m layer. Similarly, the geostrophic velocity calculated using the bottom as LNM showed a constant bias of 20 cm/s at M2 and of 15 cm/s at M3 (Figure 17 , bottom). When the observed velocity at 60 m was added as the reference velocity in the geostrophic velocity calculation, the calculated geostrophic and observed velocities matched well at M2 and were in reasonable agreement in the upper 220 m layer at M3.
The M4-M6 transect was oriented across the shelf break. The calculated along-isobath geostrophic velocities computed with the LNM set to the bottom at M4 and M5 and 1000 m at M6 showed significant differences of 20, 3-4, and 10 cm/s compared to the observed velocities at M4, M5, and M6, respectively (Figure 18 ). When the observed velocity at 100 m was added as the reference velocity in the geostrophic velocity calculation, the calculated geostrophic velocities matched reasonably with observed velocities at these three stations, though they were unable to resolve the observed high-mode vertical shear features (Figure 18 , top).
Our analysis suggested that the presence of a significant barotropic velocity component prevents defining the SCSWC based mainly on the geostrophic calculation with the LNM at the bottom. This can be seen more clearly from the momentum balance analysis on transects M1-M3 and M4-M6. With x and y the alongshelf and cross-shelf coordinates, the cross-shelf momentum equation takes on the form
where z is the vertical axis, u the x component of horizontal velocity, D5f1H the total water depth, f the sea surface elevation, q the water density, q o the reference density, g the gravitational acceleration, s sy and s by the y components of the sea surface wind stress and bottom stress, respectively, and F v the combination of the vertical integration terms of horizontal diffusion, local change of the cross-shelf velocity, and nonlinear advection. Ignoring the F v and bottom stress terms, we could estimate the magnitudes of the other terms: the current measurement for the Coriolis force term, the altimeter-derived sea level anomaly for the surface elevation gradient force term, hydrographic data for the baroclinic pressure gradient force term, Figure 14 . Cross-shelf distributions of sea temperature and salinity on the hydrographic transect S4 taken over the time period of 30-31 January 2010 and corresponding time averaged SSH on the same transect.
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and wind recorded on buoys for the surface wind stress term. The geostrophic flow with a LNM at the bottom was equivalent here to the balance between the Coriolis and baroclinic pressure gradient force terms. On both M1-M3 and M4-M6 transects, we found that the southwestward, alongisobath vertically integrated water transport was mainly balanced by the surface elevation gradient force (Table 3) . Thus, to lowest order, the flow would be geostrophic, with a firstorder variation driven by the surface wind stress. Such a geostrophic flow would exhibit vertical shear created by the baroclinic pressure gradient. Clearly the observed circulation over the NSCS shelf in winter includes both barotropic and baroclinic components.
It should be pointed out here that in previous studies, there was direct current measurements used to support the existence of SCSWC. However, since most of those direct current measurements were made for short periods (1 week or less), they may have contained short-term current variability due to episodic eddies or intrusion of the buoyancy-driven flow from the slope that prevented clear evidence of the barotropic components.
The moored current measurements captured the movement of an anticyclonic eddy, which originated from the southwest coast of Taiwan and moved southwestward along the slope. Like other eddies reported in previous studies [Yuan et al., 2007; Wang et al., 2008] , the movement of this eddy seemed to be trapped over the slope. We agreed with previous studies that its movement was guided by Rossby waves, but it was unclear to us whether or not the eddy moved due to topographic Rossby waves, which were generated locally over the slope [Veronis, 1966; Rhine, 1967 Rhine, , 1969a Rhine, , 1969b . To address this question, we estimated the phase speed of the barotropic topographic Rossby wave over the NSCS slope and compared it to the observed motion of the anticyclonic eddy detected in the altimeter SLA images.
The internal Rossby radius of deformation (defined as R I 5NH=f , where N is the Brunt-V€ ais€ al€ a frequency, H the local depth, and f the local Coriolis parameter) estimated using the hydrographic survey data taken over the slope in the 2006-2007 and 2009-2010 winters was 50 km (with N 10 23 ) over the NSCS slope.
Assuming that the topographic Rossby wavelength was larger than R I [Rhine, 1970] For an eddy moving southwestward along the slope, b T was the same order as or even 1 order of magnitude larger than b, suggesting that the topographic Rossby wave played an equivalent or even dominant role in guiding the southwest movement of the anticyclonic eddy. Considering a wavelength scale of 100 km, the phase speed of the topographic Rossby wave C p 5 2 b T /k 2 could be 1.1-5.6 cm/s. Adding the phase speed of the b-plane Rossby wave produced a total phase speed of O(10 cm/s), which was similar to the observed motion (9-10 6 3 cm/s) of the anticyclonic eddy seen in the altimeter SSH images. clockwise-rotating tidal currents characterized the NSCS shelf. The vertical structure of the diurnal tidal currents varied significantly in space: a well-defined first-baroclinic mode internal tidal signal with a 180 phase offset at the surface and bottom was observed at one site, while the surface-bottom phase differences were smaller at other measurement sites. The CC-FVCOM was used to examine the physical mechanisms responsible for the spatial variability of the internal diurnal tides, with good agreement found in the vertical structures of the model-predicted and observed diurnal tidal currents at the mooring sites. These model results suggested that the diurnal tidal currents over the NSCS shelf were characterized by the baroclinic Kelvin waves that propagated along isobaths over the slope with a wavelength of about 300 km and a cross-shelf scale of 100-200 km. The vertical structure of these tidal waves was predominantly the first baroclinic mode with reversed direction of tidal currents in the upper and lower layers. The phase difference of the tidal current in the vertical varied in different flow zones, significant around the maximum tidal current magnitude zone and smaller around the transition zone between clockwise and counterclockwise tidal currents.
Conclusions
The wintertime subtidal circulation over the NSCS shelf was mainly southwestward flow driven by the northeasterly surface wind stress with episodic influences of mesoscale eddies. A warm-core anticyclonic eddy with a radius of 100 km originated from the southwestern coast of Taiwan and propagated southwestward along the slope through the moored current meter array in the 2009-2010 winter. The eddy flow was surface-intensified with a swirl speed of >50 cm/s and a vertical scale of 400 m. In the absence of eddies and onshore deep slope water intrusion, the observed southwestward flow was highly correlated with the surface wind stress and the maximum correlation occurred with the wind-current angle between 260 and 60 . The bottom-intensified current was observed at the shelf break, with an opposite direction to the surface flow. This flow was less correlated with the surface wind stress and observed anticyclonic eddy, suggesting there was a buoyancy-driven process over the NSCS slope in addition to the wind and eddy. The southwestward movement of the observed anticyclonic eddy seemed to be trapped over the slope, likely guided by a combination of b-plane and topographic Rossby waves. Observations did not support the existence of a permanent wintertime South China Sea Warm Current (SCSWC). Comparisons of the observed along-isobath vertical current shears at the moorings with geostrophic current shears computed with different reference levels of no motion and analysis of the vertically integrated cross-isobath momentum balance both indicated that to lowest order, the along-isobath flow would be geostrophic, with first-order variations driven by the surface wind stress. Such a geostrophic flow would exhibit vertical shear created by the baroclinic pressure gradient. Clearly the observed circulation over the NSCS shelf in winter includes both barotropic and baroclinic components.
